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Simultaneous measurements of atmospheric (outside) ozone and 
ozone levels in the cabin of the B747-100 and B747 SP a i r l i n e r s  were 
made in order t o  evaluate the a i r c ra f t  cabin ozone contamination 
problem. This was accomplished by an extension of the NASA Global 
Atmospheric Sampling Program (GASP) to measure ozone a t  one point 
in the cabin. 
The average concentration of ozone in the cabin of the B747-100 
was found t o  be 39 percent of the outside concentration. However, 
ozone in the cabin of the B747 SP averaged82 percent of the atmospheric 
value. Corrective actions were taken t o  lower the level of ozone in 
the cabin of th is  particular a i r c ra f t .  Changes i n  the cabin a i r  
circulation system reduced the level t o  58 percent. Application of 
high temperature f i f teenth  stage compressor bleed or instal  1 ation 
of charcoal f i l t e r s  in the in l e t  cabin a i r  ducting s ignif icant ly 
lowered the ozone level to  about 19 percent and 5 percent respectively. 
Atmospheric ozone encounter s t a t i s t i c s  fo r  GASP equipped B747 a i r l ine r s  
are presented to  establish the suscept ibi l i ty  of the f l i g h t s  of these a i r -  
c ra f t  to  high levels of cabin ozone. Ozone encounters from March 1975 
through December 1976 exhibited a maximum frequency in the spring for  
the Northern Hemisphere. Encounter frequencies fo r  the three €3747-100 
air1 iners equipped with GASP were comparable even though the route 
structure for the a i r c ra f t  was different .  The B747 SP ,  however, 
encountered higher ozone levels t h a n  did the B747-100's. 
Ozone measurements in the cabin presented here are  limited to  a 
few selected f l igh t s .  A more extensive data base will be obtained as 
thi  s data acqui'si t i  on program continues . 
INTRODUCTION 
During the winter of 1976-77, the a i r l i nes  received a number 
of reports from passengers and crew members describing physical dis- 
comfort that  could have been caused by several fac tors .  Many reports 
came i n i t i a l l y  f r om  t h e  l o n g  d i s t a n c e  nonstops such as between New York 
and Tokyo on which t h e  new B-747 SP (Spec ia l  Performance) a i r c r a f t  
i s  used by Pan Am. A B-747 SP operated by Pan Am i s  equipped w i t h  a  
NASA-GASP system designed t o  measure, among o t h e r  a i r  c o n s t i t u e n t s ,  
atmospher ic ozone. L a t e r  d u r i n g  t h e  w i n t e r  o f  1977 s i m i l a r  r e p o r t s  o f  
d i s comfo r t  were r e c e i v e d  by o t h e r  a i r l i n e s  u s i n g  B-747's and o t h e r  
t ypes  o f  a i r c r a f t  on domest ic f l i g h t s .  One o f  t hese  was a  8-747-100 
operated by U n i t e d  A i r l i n e s  and a l s o  equipped w i t h  a  GASP 
systery. A l though ozone i n  t h e  cab in  was suspected as a  cause of p h y s i c a l  
d i s comfo r t ,  i t  was n o t  p o s i t i v e l y  i d e n t i f i e d  u n t i l  h i g h  ozone concen t ra -  
t i o n s  measured o u t s i d e  a  GASP equipped a i r c r a f t  c o r r e l a t e d  w i t h  
t h e  r e p o r t s  o f  these  adverse p h y s i c a l  e f f e c t s .  
In cons ide r i ng  ways o f  b e t t e r  d e f i n i n g  t h e  problems and e f f e c t i v e -  
ness o f  c o r r e c t i v e  ac t i ons ,  an ex tens ion  o f  t h e  GASP equipment c a p a b i l i t y  
das made on these two GASP equipped 6-747 a i r c r a f t .  Th is  i n v o l v e d  measure- 
ments o f  ozone a t  one p o i n t  i n  t h e  c a b i n  made s imu l taneous ly  w i t h  o u t -  
s i d e  (ambient )  measurements. The GASP system had c a p a b i l i t y  t o  make 
bo th  measurements w i t h  e x i s t i n g  equipment. Because of t h e  extreme 
and r a p i d  v a r i a b i l i t y  o f  ozone i n  t h e  atmosphere, s imul taneous measure- 
ments were cons idered necessary. These measurements were s t a r t e d  i n  
A p r i l  1977 and a re  con t i nu i ng .  
Ozone concen t ra t i on  measurements,both atmospher ic and in -cab in ,are 
planned t o  con t i nue  w i t h  GASP equipped a i r c r a f t  d u r i n g  t h e  coming peak 
ozone season. A ma jo r  emphasis w i l l  be on t h e  e v a l u a t i o n  o f  t h e  
e f f e c t i v e n e s s  and c h a r a c t e r i s t i c s  o f  p resen t  and proposed c o r r e c t i v e  
a c t i o n s .  I n  a d d i t i o n ,  ozone concen t ra t i ons  i n  execu t i ve  j e t  a i r c r a f t  
(Lear  J e t )  w i l l  be i n v e s t i g a t e d  u s i n g  e x i s t i n g  GASP equipment and 
s i m i l a r  procedures as used on t h e  7 4 7 ' s  (s imul taneous i n s i d e  and o u t -  
s i d e  measurements). Th i s  work w i l l  be done a t  NASA Lewis d u r i n g  t h e  
w i n t e r  1977-78. 
Th i s  r e p o r t  p resen ts  ozone measurements by t h e  GASP system i n  t h e  
cab in  o f  two B-747 a i r c r a f t  (747- 100 and 747 SP), c o r r e l a t i o n s  o f  
these  measurements w i t h  atmospher ic ( o u t s i d e )  ozone, s t a t i s t i c s  o f  
atmospheric ozone concentrations encountered by four B-747 aircraft 
during routine airline operations for 1976, and a brief description of 
the GASP ozone measurement system. 
OZONE MEASUREMENT SYSTEM 
Instrument Type 
Ozone is measured with an ultraviolet absorption photometer 
with a range of 3 ppb to 20 ppm. Figure 1 is a block diagram of 
this instrument. The instrument has an ultraviolet source, an 
absorption tube through which the sample flows, an ultraviolet 
detector, and an electronic signal conditioner. This instrument 
works on the principle that ozone in the air sample absorbs some of 
the ultraviolet light passing through the sample. Thus, it is 
necessary to accurately measure small changes in the ultraviolet 
tight coming out of the absorption tube. The instrument does this 
by a1 ternating between measurements of ozone-free ai r and the sample. 
The ozone-free air is obtained by routing the sample through the 
ozone scrubber during half of a 20-second cycle. Sample measurements 
are taken during the last half of the cycle. Thus, the instrument 
updates every 20 seconds. 
Modifications of the commercial version of this instrument (made 
by the Dasibi Co.) were required for airborne use. These included 
aircraft 400 Hz, 115 volt power supply, conforming to RTCA soecificatinns 
for airborne electronic/electrica1 equipment and instruments (circuit 
improvements to meet EM1 specifications required), and packaging to 
air1 ine standards (Air Transport Equipment Racking and Cases, ARINC 
Characteristic Number 404). 
In-Flight Checks 
Certain in-flight tests are made to ensure the integrity of the 
measurements. These tests include an overall zero measurement and a 
measurement of two electronic signals that indicate the condition of 
the ultraviolet source and the presence of excessive contamination on 
the absorption tube windows. For the zero measurement the sample is 
routed through a charcoal filter upstream of the instrument. The span 
setting of the electronics is also made. These checks are made in 
succession once every hour between data points. 
Calibration 
The accuracy of the ozone measurements depends on a number of 
factors. The calibration standard now used for GASP is the long 
path photometer at the Jet Propulsion Laboratory. A commercial 
Dasibi instrument is periodically calibrated against this standard 
and then held at NASA - Lewis as a secondary standard to which the 
airborne units are periodically calibrated. The airborne units 
calibrate 9% higher than the JPL standard. The resulting estimated 
uncertainty of the flight units is - + 3%. The airborne instruments 
have a long term repeatabi 1 ity within - + 2%. 
The atmospheric air sample is pressurized and controlled to 1 atm. 
with a diaphragm-type pump to provide adequate sensitivity at upper 
altitudes. Some ozone destruction occurs in the pump and Teflon 
sample lines. This correction is 8 - + 5 percent of the indicated ozone 
concentration. System checks on this correction are performed period- 
ically on the aircraft under conditions simulating operations in flight. 
The cabin air sample is not separately pressurized. Differential 
pressure between the cabin and outside static is used to provide flow 
through the instrument that measures cabin ozone (same type instrument). 
A correction is applied to the ozone measurement for cabin air density, 
since the instrument is calibrated at 7 atm. A measure of cabin pressure 
is made by the GASP system for each ozone measurement. 
Data Acquisition System 
Ozone data (atmospheric and in-cabin) are taken with the existing 
GASP data acquisition and control system. All major components of this 
system are airborne units used by many airlines in normal flight data 
recording systems. The preprogrammed processor for automatic system 
control is a modified Data Management Unit. This unit also provides 
c e r t a i n  da ta  acqu i s i t i on  func t ions .  Additional data  acqui s i  t ~ o n  i s  
handled by a  s tandard  F l igh t  Data Acquisit ion Unit .  A i l  data  a r e  
recorded on a  d i g i t a l  c a s s e t t e  recorder  which i s  the  same type Dig i ta l  
Aids Recorder ( D A R )  used by a i r l i n e s  f o r  f l i g h t  da ta  record ing .  The 
GASP system i s  autonomous having dedicated u n i t s  f o r  a l l  da ta  a c q u i s i t i o n  
and system cont ro l  . 
Instrunients a r e  turned on during a i r c r a f t  p ref l  i  ght . The computer 
o r  processor  takec over  cont ro l  j u s t  p r i o r  zo takctoff.  A 5tandb.y 
condit ion i s  held u n t i l  a  s igna l  i s  received by the  processor  from the  
a1 t ime te r  t o  s e t  up t h e  system f o r  sampling. A b a > i c  60-minute sampling 
cycle  i s  cons t ruc ted  by a1 t e r n a t i n g  5-minute a i r  sampling and 5-minute 
c a l i b r a t i o n  modes. Thus, t h e r e  a r e  s i x  sample readings a n d  s i x  d i f f e r e n t  
c a l i b r a t i o n s  taken each c y c l e .  All data a r e  recorded dur ing  a  16-second 
period a t  t he  end o f  each 5-minute a i r  sampling and c a l i b r a t i o n  modes. 
The ozone instrument  r equ i r e s  only  four  c a l i b r a t i o n s  during each 'I hour 
cyc l e .  Thus, ozone measurements a r e  taken every 10 minutes during the  f i r s t  
40 minutes of t h e  cyc le  and every 5 minutes during the  remaining 20 minutes.  
The system can be modified t o  record da ta  cont inuously with o r  without  
c a l i b r a t i o n  per iods .  Before landing  the  system i s  re turned  t o  a  s tandby 
condi t ion .  
RESULTS A N D  DISCUSSION 
A i r c r a f t  Cabin Ozone Measurements and Corre la t ions  With 
Atmospheric Ozone 
Sin~ul taneous measurements o f  cabin and atmospheric ozone were 
obta ined  from the  B-747 and 8-747 SP a i r c r a f t  a t  i r r e g u l a r  i n t e r v a l s  
between March and October 1977. 
Location o f  cabin a i r  i n l e t  - The po in t  in  the  B-747 cabin a t  
which the  cabin a i r  i s  sampled i s  shown in f i gu re  2 .  Air i s  drawn 
from a  1 / 4  inch po r t  about  5  f e e t  above the f l o o r  i n  the r ight-hand 
ou t s ide  wall of t h e  s t a i r c a s e  t o  t he  upper deck ( l e f t  s i d e  c f  t he  
right-hand a i s l e ) .  A t e t r a f l  uoroethylene (TFE) disk a t t ached  t o  t h e  
wall extends the  i n l e t  t o  the p o r t  about 1 /4  inch from the  wall s u r f a c e .  
This i s  to minimize drawing a i r  from along the  wall su r f ace  i n t o  t h e  sample 
s ince  ozone can be destroyed by con tac t  w i t h  s u r f a c e s .  About 20 f e e t  o f  
l / 4  inch TFE tubing i s  used between t h i s  p o r t  and t h e  ozone analyzer  
location on the GASP rack a t  about s t a t i on  360 below the passenger deck. 
The Teflon coated tubing was cleaned and found t o  have negl ig ible  loss 
of ozone. 
Example en route simultaneous measurements o f  cabin and outside 
ozone - A p lo t  o f  ozone data taken during a 8-747 SP  f l i g h t  i s  shown in 
f igure 3. Some points t o  note from t h i s  plot  a r e :  
1.  Atmospheric ozone concentrations vary widely during a b l igh t .  
2. A constant difference o r  r a t i o  between ozone concentrations 
outside and i n  the cabin does n o t  e x i s t .  
3. On ce r ta in  occasions ozone in the cabin can read higher than 
tha t  measured simultaneously outs ide .  This occurs when outside 
concentrations have decreased from a previous reading. Ozone 
levels  i n  the cabin t h a t  were picked u p  e a r l i e r  have n o t  h a d  
time t o  decay to  the lower concentration. I t  was noted during 
a period o f  continuous monitoring (measurement update evr. r y  20 
seconds) t ha t  a  2 t o  3 minute l ay  would occur between an outside 
peak and a corresponding peak showing u p  l a t e r  i n  the cabin. 
4 .  Ozone concentrations in the cabin approach those of the outside 
as the f l i g h t  progresses. This may be explained by passivation 
of ducting with ozone with time during a f l i g h t  in high ozone 
concentrations. 
Correl a t ions  between atmospheric ozone concentrations and cabin 
ozone l eve l s  - The data show t h a t  an appreciable f rac t ion of atmospheric 
ozone i s  not destroyed by the engine compressor and a i r  c i rcula t ion 
system before enter ing the cabin. The data in f igure 4 were obtained 
from the 8-747-100 a i r c r a f t  during two f l i g h t s  i n  March and April .  On 
the average, 39% of the atmospheric ozone was not destroyed before i t  
entered the cabin a n d  moved t o  the cabin ozone measurement a i r  i n l e t .  
When averaged separate ly  one f l i g h t  had 46% and the other  f l i g h t  had 33% 
entering the cabin a i r  sample i n l e t ,  These data indicate  t ha t  the cabin 
and atrnospheri c  ozone measurement corre la t ions  are  qui te  variable as was 
pointed out from f igure  3.  Also, v a r i a b i l i t y  of the cabin ozone measure- 
ment i t s e l f  can be expected from cabin conditions such as passenger move- 
ment, a i r  c i r cu l a t i on ,  galley a c t i v i t i e s ,  o r  smoke. Thus i t  i s  necessary 
t o  average d a t a  f o r  an e n t i r e  f l i g h t  and s e v e r a l  f l i g h t s  t o  g e t  a meaning-  
f u l  s t a t i s t i c a l  ave rage .  
The da ta  i n  f i g u r e  5 were o b t a i n e d  f r o m  f l i g h t s  i n  A p r i l ,  May a  r l  
June from t h e  B-747 SP.  T h i s  a i r c r a f t  has t h e  same e n g i n e  as t h e  B-747 .  
As t h e  d a t a  show, on t h e  ave rage ,  82 p e r c e n t  o f  t h e  a t m o s p h e r i c  ozone i s  
n o t  d e s t r o y e d  b e f o r e  r e a c h i n g  t h e  c a b i n  ozone measurement i n l e t .  Once 
a g a i n  t h e  da ta  s c a t t e r  a b o u t  t h e  average l i n e  i n d i c a t e s  an e f f e c t  o f  t h e  
c a b i n  env i ronmen t  and v a r i a b i l i t y  o f  a tmospher i c  ozone.  
One method o f  d e s t r o y i n g  ozone i n  a i r  e n t e r i n g  t h e  c a b i n  i s  t o  h e a t  
t h e  sample t o  h i g h e r  t e m p e r a t u r e s .  T h i s  can be accomp l i shed  on t h e  0-747 
b y  t a k i n g  a i r  f o r  t h e  passenger  c a b i n  from t h e  f i f t e e n t h  compressor s t a g e  
i n s t e a d  o f  from t h e  l o w e r  t e m p e r a t u r e  e i g h t h  compressor s t a g e .  An example 
o f  t h e  e f f e c t  such an a c t i o n  produces on c a b i n  ozone i s  shown i n  f i g u r e  6 .  
F o r  t h i s  p a r t i c u l a r  f l i g h t  o n l y  c a b i n  ozone d a t a  were a v a i l a b l e .  D u r i n g  
t h i s  f l i g h t  o f  t h e  B-747 SP f r o m  New York t o  Tokyo, t h e  f i f t e e n t h  s t a g e  
a i r  was o f f  and on i n t e r m i t t e n t l y .  I n f o r m a t i o n  abou t  t h e  t i m e s  f o r  wh ich  
a i r  was taken  from t h e  f i f t e e n t h  s t a g e  and wh ich  eng ines  were used f o r  
t h i s  i f  a l l  f o u r  were n o t ,  was hand logged by  t h e  B-747 S P  f l i g h t  crew 
and p r o v i d e d  t o  NASA. Note t h a t  a round 0400 GMT, t h e r e  i s  a  d i s c r e p a n c y  
( l o w  c a b i n  ozone w i t h  no f i f t e e n t h  s t a g e  a i r ) .  Th i s  rnay be v a l i d  o r  i t  
may be manual e r r o r .  I t  i s  a l s o  w o r t h  p o i n t i n g  o u t  t h a t  t h e  GASP sys tem 
r e c o r d s  t i m e  from i t s  own c l o c k  wh ich  i s  i ndependen t  f r o m  t h e  a i r c r a f t  
c l o c k ,  a l t h o u g h  e f f o r t  i s  made t o  have b o t h  c l o c k s  s y n c h r o n i z e d .  The 
peak i n  c a b i n  ozone a t  0500 GMT i s  be1 i e v e d  t o  be r e a l .  Note t h a t  i t  
began d u r i n g  a  c l  imb t o  43,000 f e e t .  
S ince  i t  i s  known t h a t  h i g h e r  t empera tu res  f r o m  t h e  f i f t e e n t h  com- 
p r e s s o r  s tage  d e s t r o y  ozone,  d a t a  were a c q u i r e d  f r o m  s e v e r a l  f l i g h t s  w h i c h  
used t h e  f i f t e e n t h  s tage  a i r .  S i n c e  t h e  crew u s u a l l y  s w i t c h  back and 
f o r t h  between t h e  e i g h t '  and f i f t e e n t h  s t a g e s ,  a  s i g n a l  was added t o  t h e  
GASP d a t a  wh ich  i n d i c a t e d  when t h e  f i f t e e n t h  s t a g e  was b e i n g  used.  These 
d a t a  a r e  shown i n  f i g u r e  7 .  The average o f  a l l  d a t a  shown i s  18% ozone 
r e t e n t i o n ,  a  change o f  64 p e r c e n t a g e  p o i n t s  f r o m  f i g u r e  5 .  C a l c u l a t i o n s  
o f  ozone d e s t r u c t i o n  due t o  t h e  t e m p e r a t u r e  i n c r e a s e  i n  t h e  compressor  
produce t h e  l e v e l s  o f  ozone shown i n  t h e  f i g u r e  7 .  
Another method of destroying ozone i s  t o  reduce the cabin a i r  
exchange ra te  and to rec i rcu la te  cabin a i r  thus increasing the residence 
time and poss ib i l i ty  fo r  ozone destruction and also reducing the inf lux 
of new ozone. Data i l l u s t r a t i n g  the e f f ec t s  of increased rec i rcu la t ion  
are shown in f igure 8 fo r  several f l i g h t s  a f t e r  the B-747 SP's a i r  c i r -  
culat ion system was a1 tered.  The average of the data i s  55% ozone re ten t ion ,  
an improvement of 2 7  percentage points from f i qu re  5 .  Figure 9 shows the 
same conditions of a i r  c i rcula t ion as f igure 8 b u t  with the use of f i f t e en th  
stage a i r .  The average i s  15% ozone re tent ion,  an improvement of 40 per- 
centage points over f igure  8 and about the same as f igure  7. 
The corre la t ions  of cabin ozone with atmospheric ozone for  the 
various a i r  conditioning operating conditions on the B-747 SP are  
summarized in f igure 10. The averages (s lopes)  of each of the curves 
are f o r  a l l  GASP data which have been analyzed a t  t h i s  time for the 
a i r  conditioning configurations shown. Other da ta ,  showing essentra l  l y  
the same charac te r i s t i c s  as in f igures 4-9 e x i s t  b u t  have not been 
analyzed. The essen t ia l  points are  t ha t  increasing t h e  amount o f  d i r  
rec i rcula t ion reduces the ozone level in the cabin, the aniount dependent 
upon the amount o f  rec i rcula t ion ; and t ha t  the use of the a i r  from the 
f i f t een th  compressor stage reduces the cabin ozone level subs t an t i a l l y ,  
the f inal  level being somewhat influenced by the configuration of the 
a i r  c i rcula t ion system. 
Another method of destroying the ozone i s  t o a d s o r b  i t  before the  
a i r  enters  the cabin. Data fo r  f l i g h t s  during which the cabin a i r  was 
continuously scrubbed through a  charcoal f i l t e r  t o  rernove the ozone are 
shown i n  f igure  1 1 .  The a i r  c i rcula t ion system for  ttlese f l i g h t s  was 
in the  same configuration as fo r  f igures 8 and 9 .  I n  f igure  11, t h e  
average i s  about 5 %  ozone re ten t ion ,  an improvement of 50 percentage 
points from figure 8. The essen t ia l  point i s  t h a t  a properly designed, 
continuous flow absorbtion system, can be more e f fec t ive  in reducing 
the cabin ozone 1 eve1 than intermi t t a n t l y  taking f i f t e en th  stage com- 
pressor a i r  f o r  the cabin. Insuf f ic ien t  data e x i s t  a t  t h i s  time t o  properly 
evaluate the long-term 1  i  fe and effect iveness  of  the charcoal system. 
Data are and wi l l  be acquired to  evaluate t h i s  system as we31 as o t h e r  
systems which may be p u t  i n to  se rv ice .  For comparison, the average slope 
fo r  the charcoal system i s  a l s o  plot ted on f igure  10. 
Atmospheric Ozone Encounter S t a t i s t i c s  
Since March of 1975, the NASA Global Atmospheric Sampling Program 
(GASP) has been obta in ing,  archiving and analyzing atmospheric t r a c e  
cons t i tuen t  data in the lower s t ra tosphere  and upper troposphere ( r e f . l -13)  
These data a r e  acquired using f u l l y  automated sampling systems opera t ing  
on a  United Ai r l  ines B-747 (N4711 U) , a  Pan American Worl d Airways B-747 
(N655PA), a  Pan Am B-747 SP (N533PA), and a  Qantas Airways o f  Aust ra l ia  
9-747 (VH-EBE). The objec t ives  of t h i s  program a re  t o  e s t a b l i s h  base- 
l i n e  l e v e l s  and natural v a r i a b i l i t y  of se lec ted  c o n s t i t u e n t s ,  and t o  
analyze these data t o  b e t t e r  understand the physical processes (par-  
t i c u l a r l y  t r a n s p o r t )  in the atmosphere and to  assess  po ten t i a l  adverse 
anthropogenic e f f e c t s  on the  natura l  atmosphere. 
The analyses reported here represent  a  spin-off  from these  o b j e c t i v e s ,  
and came about when, in the winter of  1977, the a i r l  ines received complaints 
about passenger and crew discomfort during f l i g h t .  Since i t  i s  well known 
t h a t  subsonic a i r c r a f t  c ru ise  a1 t i  tudes a re  sometimes in the  s t r a tosphere ,  
and t h a t  the 1  ikel ihood of f l  i g h t  in t h i s  region i s  g r e a t e s t  a t  mid-to- 
high l a t i t u d e s  in the winter and sp r ing ,  ozone was a  logica l  suspect .  
The analyses in t h i s  sect ion a re  r e s t r i c t e d  to  examining the  frequency 
t h a t  GASP-equi pped a i r l  i ne r s  encounter various ambient (atmospheric) 
ozone l e v e l s ,  t o  e s t a b l i s h  the s u s c e p t i b i l i t y  of the f l i g h t s  t o  h i g h  
l eve l s  of cabin ozone. 
Data p ro f i l e  s t a t i s t i c s  - Figure 12 shows the d i s t r i b u t i o n  o f  GASP 
ozone measurements, by a i r c r a f t  and month, f o r  data obtained from March 
1975 through December 1976. There a r e  a  t o t a l  of  31263 observations 
represented here,  with 30.7, 3 4 . 3 ,  24.5 and 7.6 percent o f  these  from 
N4711U, N655PA, N533PA and V H - E B E  respect ive ly .  The t o t a l  number o f  
observations i s  d i s t r i b u t e d  near ly  evenly among the four quar t e r s  (1 7-31 
percent each) ,  but i t  should be noted t h a t  N4711U i s  the only a i r c r a f t  
from which data are ava i l ab le  f o r  a l l  months. 
The d i s t r i b u t i o n  o f  t h e  GASP ozone o b s e r v a t i o n s  b y  l a t i t u d e  i s  
shown i n  f i g u r e  13a. T h i s  d i s t r i b u t i o n  r e f l e c t s  t h e  r o u t e  s t r u c t u r e  
o f  t h e  GASP-equipped a i r c r a f t .  S ince  t h i s  f i g u r e  i s  based on a l l  
o b s e r v a t i o n s  r e p o r t e d  t h r o u g h  December 1976, i t  i n c l u d e s  t h e  e f f e c t  o f  
t h e  a d d i t i o n  o f  new GASP a i r c r a f t ;  f o r  example,  d a t a  f r o m  t h e  Pan Am 
B-747 SP were a v a i l a b l e  f o r  t h e  f i r s t  t i m e  i n  A p r i l  1976, and t h e  f i r s t  
Qantas  d a t a  were r e p o r t e d  i n  t h e  t h i r d  q u a r t e r  o f  1976.  The d i s t r i b u t i o n  
o f  t h e  data  by  g e o p o t e n t i a l  a l t i t u d e  i s  shown i n  f i g u r e  13b.  A p p r o x i m a t e l y  
80 p e r c e n t  o f  t h e  GASP o b s e r v a t i o n s  a r e  between 33,000 and 41 ,000 ft. 
(10.0-12.5 km) . T h i s  d i s t r i b u t i o n  does n o t  v a r y  a p p r e c i a b l y  between 
t h e  c o n t r i b u t i n g  a i r c r a f t ,  e x c e p t  t h a t  d a t a  above 12  km a r e  m o s t l y  f r o m  
t h e  B-747 SP.  
Ana lyses  - GASP o b s e r v a t i o n s  a r e  i n  t h e  upper  t r o p o s p h e r e  o r  l o w e r  
s t r a t o s p h e r e  depend ing on whe the r  t h e  a i r c r a f t  i s  be low o r  above t n e  
t ropopause  ( r e f .  2,3,5,7,8,10). The GASP mean ozone l e v e l s ,  as a  f u n c t i o n  
o f  t h e  d i f f e r e n c e  between t h e  t ropopause  p r e s s u r e  and t h e  ambient  
p r e s s u r e  show t h e  e x p e c t e d  ( r e f .  1 4 )  r a p i d  i n c r e a s e  i n  ozone l e v e l s  above 
t h e  t ropopause  ( r e f .  6,  1 3 ) .  The a1 t i t u d e  range o f  t h e  GASP measurenlen t s  i n -  
c l u d e s  most  o f  t h e  a l t i t u d e s  t h r o u g h  wh ich  t h e  h e i g h t  o f  t h e  t ropopause  
v a r i e s .  S ince  t h e  t ropopause  h e i g h t  g e n e r a l l y  decreases w i t h  t n c r e a s i  ng  
l a t i t u d e ,  and i s  l o w e s t  i n  t h e  s p r i n g  ( N o r t h e r n  Hem'Csphere), mean ozone 
l e v e l s  i n c r e a s e  w i t h  l a t i t u d e  ( f i g u r e  1 4 ) ,  and a r e  h i q h e s i  i n  t h e  s p r i n q  
( f i g u r e  1 5 ) .  Here GASP d a t a  f o r  1975-76 a t  p r e s s u r e  a l t i t u d e s  f rvn i  10.5- 
7 1 . 5  km a r e  shown by  t h e  s o l i d  c u r v e s .  Measurements f r o m  t h e  Nor th  
American ozonesonde ne twork  a r e  shown by  t h e  dashed l i n e s  ( r e f .  15, 1 6 ) .  The 
shaded areas  i n d i c a t e  - + one s t a n d a r d  d e v i a t i o n  f r o v  t h e  GASP medn 
v a l u e s ,  and r e f l e c t  t h e  l a r g e  n a t u r a l  v a r i a b i l i t y  o f  ozone i n  t h e  
a l t i t u d e  range  o f  t h e  GASP o b s e r v a t i o n s .  Mean czone " l e v e l s  a l s o  
g e n e r a l l y  i n c r e a s e  w i t h  a l t i t u d e ,  b u t ,  as w i t h  t h e  l a t i t u d i n a l  and 
seasona l  v a r i a t i o n s ,  t h e  s t a n d a r d  d e v i a t i o n s  f r o m  t h e  mean va lues  a r e  
l a r g e ,  s i n c e  ehe means a r e  a  m i x  o f  t r o p o s p h e r i c  and s t r a t o s p h e r i c  
o b s e r v a t i o n s  depend ing on 1 o c a l  m e t e r o l o g i  c a l  c o n d i t i o n s .  
I n  f i g u r e  16,  t h e  b i m o n t h l y  d i s t r i b u t i o n  o f  mean ozone l e v e l s ,  by 
a i r c r a f t  a l s o  shows t h e  annua l  c y c l e .  Note t h a t  h e r e ,  as i n  f i g u r e  15, 
t h e  GASP d a t a  a r e  shown as b i m o n t h l y  averages p l ~ t t e d  m o n t n l y ;  i . e .  Jan . -  
Feb. i s  the average o f  data in Jan. and Feb., Feb.-Mar. i s  the  avcragfi 
of data in Feb. and Mar. e t c .  The curves f o r  the  standard 8-747's 
( ~ 4 7 1 1 ~ ~  N655PA, and V H - E B E )  a re  comparable even though the route  
s t r u c t u r e s  of  the  a i r 1  ines a re  qui te  d i f f e r e n t .  Mean ozone l e v e l s  
from the 0-747 S P  measurements are  cons is tent ly  higher than those trom 
the  o t h e r  a i r c r a f t .  The dominant f a c t o r  here i s  most 1  ike ly  the  d i f ferences  
in  f l i g h t  level - the  mean a l t i t u d e  from the SP observations i s  4000 f t .  
(1200 m) above the mean a1 t i  tude f o r  observations from the o ther  a i r c r a f t .  
However, routing may be a  s i g n i f i c a n t  f a c t o r  a1 so s ince  the  SP i s  used 
frequently on long f l  ights  a t  northern l a t i t u d e s .  
In f igures  17-20, the GASP data are  examined in a d i f f e r e n t  f o r v a t ,  
which shows, by a i r c r a f t ,  f o r  any given level of  ambient ozone, say 03 ,  
the f r ac t ion  of  the observations f o r  which the ozone level  was g rea te r  
than 03 .  Because the d i s t r i b u t i o n s  a re  expected to  be seasonally 
dependent, and because data are not ava i l ab le  from a l l  GASP-equi pped 
a i r c r a f t  f o r  a l l  seasons (see  f igure  1 2 ) ,  the data have been analyze? 
by calendar quar t e r s .  In the  f i r s t  quar ter  ( f igure  1 7 ) ,  the  data froin 
the United B-747 (N4711~)  and the Pan Am B-747 (N655~A) show t h a t  t h ~  
f rac t ion  of ozone observations g rea te r  than 100 p p b v  f o r  these a i r c r  +t 
was about the  same, b u t  t h a t  N655PA encountered ambient ozone in the 
range 200-400 ppbv  more frequently than did N4711 U .  
Data from the Pan Am B-747 SP (N533PA) are ava i l ab le  fo r  the 
second, t h i r d  and fourth quarters  ( f igures  15-20) .  The cumulative 
ozone frequency d i s t r i b u t i o n s  f o r  N533PA show t h a t  t h i s  a i r c r a f t  
encountered s t r a tospher ic  ozone level  s much more frequent1 y  than did 
the standard B-747's. This may be a t t r i b u t e d  t o  the higher a1 t i tudec  
typical  of SP f l i g h t s ,  as we1 1  as the  g rea te r  frequency of  f l i g h t s  a t  
h i g h  1 a t i  tudes.  The N533PA d i s t r i b u t i o n  fo r  the  fourth quar t e r  ( f i g u r e  
20) has a  discernably d i f f e r e n t  shape than do the N533PA d i s t r i b u t i o n s  
f o r  the second and t h i r d  quar ters  ( f igures  18 8 1 9 ) .  This most l i k e l y  
r e f l e c t s  the expansion of the route s t r u c t u r e  of the a i r c r a f t  t o  include 
f l i g h t s  from the U.S. west coast  t o  the South Pac i f i c  and from the U.S .  
e a s t  coast  t o  South America. 
A comparison o f  f igure 18 with f igures 17 ,  1 9  and 20 reveals  tha t  
the GASP-equipped a i r l i n e r s  generally encountered s t ra tospher ic  ozone 
levels  more frequently in the second quarter  than in the f i r s t ,  t h i r d  o r  
fourth quar ters .  An exception to  t h i s  i s  N655PA which encountered ozone 
l eve l s  more frequently in the f i r s t  quar te r .  The routing of the a i r -  
l i n e r  to  southern routes during the second quarter  where ozone l eve l s  a re  
lower influenced t h i s  r e s u l t .  Figure 21 provides a d i r ec t  comparison of 
the four quar ters  with the annual mean for  N4711U. 
The bimonthly var ia t ion i n  frequency of encounters fo r  ozone 
above several l eve l s  i s  shown, f o r  N4711U, in f igure 2 2 .  For i n t e r -  
a i r c r a f t  comparison, the contowrs fo r  ozone > - 200 ppbv from f i  gure 22 
are  repeated in f igure  23 with s imi la r  contours f o r  the other  a i r c r a f t .  
These d i s t r ibu t ions  support the observation made previously, t ha t  
encounter frequencies f o r  the standard 0-747 ' s  a r e  comparable, b u t  
t h a t  the 6-747 SP saw subs tan t ia l ly  higher ozone l eve l s .  
The s t a t i s t i c s  of ambient ozone encounters presented above cart 
be augmented to include the duration of exposure t o  various ozone 
l eve l s  during a given f l i g h t .  GASP data a re  archived by f l i g h t  
between departure and des t inat ion a i rpo r t s .  Thus time h i s t o r i e s  o f  
ozone exposure levels  could be obtained from GASP da t a ,  i f  required,  to 
be t t e r  define the problem. An example of t h i s  i s  a  se lected high ozone 
concentration encounter shown in f igure 24. During t h i s  f l i g h t  the ambient 
ozone peaked above 1200 p p b v .  The a i r c r a f t  was in the lower s t r l tosphere  
with ozone measuring 700 to  800 ppbv pr ior  t o  t h i s  peak. A climb t o  a 
higher c ru i se  a l t i t u d e  penetrating deeper in to  the stratosphere produced 
the higher concentration as would be expected. 
CONCLUDING REMARKS 
Considerable e f f o r t  has been required to acquire airborne ozone 
instrumentation c e r t i f i e d  for automatic unattended operation on 
commercial a i r1  ine rs .  Also, much care was taken to  provide accurate 
r e su l t s .  
Si mu1 taneous measurements of atmospheric ozone and ozone l e v r  
in the cabin are necessary in evaluating the cabin ozone problem because 
of  (1 ) the natural wide variabil  i t y  of atmospheric ozone and ( 2 )  tile 
large  differences found in the r a t i o  between ozone in the cabin arid 
tha t  ex i s t ing  outside.  
I n  cabin ozone measurements made simul tanunitsl y wit l l  ;. tnwsphcric. 
measurements and expressed as an average percenz of the atmospheric 
concentrations gave the following r e su l t s  : 
1.  B-747-1G0, 39% 
2 .  B-747 SP, 82% 
3. 3-747 S P  with changes i n  the cabin c i rcula t ion system, 55% 
4. 8-747 SP  with high temperature f i f t een th  stage compressor 
bleed, 18%. 
5 .  B-747 SP with cabin a i r  through a charcoal f i l t e r ,  52 .  
(Long-term 1 i  fe n o t  evaluated) . 
In examining the frequency t h a t  GASP-equi pped ai r l  iners encounter 
various atmospheric ozone l eve l s ,  and thereby es tabl ishing the potential  
of these a i r c r a f t  to encounter high levels  of cabin ozone, the following 
resul t s  were found : 
1 .  The frequency of encounters from March 1975 through December 
1976 varied subs tan t ia l ly  with season. The  riax xi mum encounter 
frequencies occurred in the spring fo r  the Norther%r\ Hemisphere. 
2 .  Encounter frequencies fo r  the B-747-100's equipped with 
GASP are comparable, even though the route s t ruc tu re  of the a i r -  
l i n e r s  are qui te  d i f f e r en t .  
3 .  The 0-747 SP encountered higher ozone levels  than did the 
8-747 - 100 ' s .  This i s  most l i ke ly  a r e su l t  of  the higher 
operating a1 t i tudes  of the SP,  although routing may be a s ig -  
n i f i c an t  fac tor  a l so ,  s ince ,  during the period of SP ozone d a t a ,  
the a i r c r a f t  was operated predominately on long f l i g h t s  a t  
northern 1 a t i  tudes . 
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Figure 2. - Ozone measurement locations on 9747 airliner, 
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F igure  3. - Time h i s t o r y  o f  cab in  and atmospher ic  ozone m i x i n g  r a t i o  l e v e l s .  
s l o p e  x 100 = 39 p e r  c e n t  
ATMOSPHERIC OZONE M I X I N G  RATIO,  ppbv 
Figure 4 .  - C o r r e l a t i o n  o f  cabin  ,and a tmospher ic  ozone mixing r a t i o s .  Data a r e  
from March and A p r i l  1977,  from a B-747 ( 1 0 0 ) .  
lUUU 1 slope x 100 = 32 percen t  
Atmospheric Ozone Pl ix ing R a t i o ,  , p b v  
F i g u r e  5. C o r r e l a t i o n  o f  cab in  w i t h  atmospher ic ozone m i x i ~ i g  3,at ios.  D a t a  were ob ta i ned  d u r f n g  
A p r i l ,  May, June 197'7 be fo re  changes were made t o  t h ?  13-747SF a i r  c i r c u l a t i o n  system. 
Squares i n  t h e  f i g u r e  show da ta  taken  i n  A p r i l .  
, Greenwich Time, h r .  
F i g u r e  6. - E f f e c t  o f  1 5 t h  s tage  compressor a i r  on c a b i n  ozone l e v e l s .  The b r a c k e t e d  d a 3  ahow 
p e r i o d s  o f  1 5 t h  s t a g e  usage and which eng ines were used, if a l l  f o u r  were n o t  used.  
, Greenwich Time, h r .  
Figure 6 .  - Effect  of 15th s tage  compressor a i r  on cabin ozone l e v e l s .  The bracketed d a t a  show 
periods o f  15th s t age  usage and which engines were used, i f  a l l  four were n o t  used, 
s lope  x 100 = 18 percent 
Atmospheric Ozone M i x i n g  Ra t i o ,  ppbv 
i g u r e  7 .  C o r r e l a t i o n  o f  cab in  w i t h  atmospher ic ozone ~ i x  ;g r a t i o s .  Data show t h e  e f f e c t  of 
us i ng  f i f t e e n t h  s tage  compressor a i r  i n  t h e  unmo4izied a i r  system. Data were ob ta ined  
i n  A p r i l ,  May and June. The squares and t r i a n g i e s  ?re  da ta  f rom .Arril and Flay 
r e s p e c t i v e l y  . 
s lope  x 100 = 55 percent  
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Figure 8. Corre la t ion  of cabin and atmospheric ozone mixing r a t i o s .  Data a r e  from June 1917 
af ter  modif ica t ions  were made t o  a i r  systems. The c i r c l e s  and squares show atmospher 
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Figure 9. Correlation of cabin and atmospheric ozone m i x i n s  r a t i o s .  D a t a  show the  e f f e c t  of 
using f i f t e en th  compressor s tage  a i r  in the  madified a i r  system. The c i r c l e s  a n d  
squares show atmocyL.,eric ozone d a t a  from two differei l  t instruments. 
Non-modif i e d  a i  r s y s t e ~ i  
* F i f t e e n t h s t a g e a i r o n  
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Atmospher ic  Ozone M i x i n g  R a t i o ,  ppbv 
F i g u r e  10. C o r r e l a t i o n  o f  c a b i n  and a tmospher i c  ozone m i x i n g  r a t i o s ,  summar iz ing  t h e  e f f e c t s  
v a r i o u s  a i r c r a f t  systems have on t h e  c a b i n  ozone m i x i n g  r a t i o  l e v e l .  
s l o p e  x 100 = 5 percent 
Atmospheric Ozone Flixi ng Ratio ppbv 
Figure 1 1 .  Correlation of cabin and atmospheric ozone m i x i n g  ratios. Data show the effect 
an aircraft charcoal filter system has on cabin ozone levels, circles show data 
from June 1977, The squares show d a t a  f r o m  October 1977 in A n t a r t i c  stratosphere 
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Figure 12 . ,D i s t r ibut ion  o f  GASP ambient ozone data on tapes 
VL0001-VL0007 by a i r c r a f t  
a )  L a t i t u d e ,  deg. 
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F i g u r e  13 .  D i s t r i b u t i o n  o f  GASP ambient  ozone 
d a t a  on tapes VLOOOl - VL0007 by 
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